ABSTRACT
INTRODUCTION
Viral genomes often include overlapping reading frames, and the evolutionary implications of this phenomenon have frequently been the subject of speculation (Keese and Gibbs, 1992; Miyata and Yasunaga, 1978; Pavesi et al., 1997) . One important question is how natural selection can act simultaneously on two different protein products encoded in different reading frames by the same DNA sequence (Rogozin et al., 2002) . Simian immunodeficiency virus (SIV) provides an example of conflicting selection pressures on overlapping reading frames (Hughes et al., 2001) . Rhesus monkey (Macaca mulatta) hosts expressing the A*01 class I MHC molecule mount a strong CD8 + -T lymphocyte (CD8 + -TL) response against a peptide (A*01-Tat SL8) from the Tat protein of SIV that is encoded by the portion of the tat gene that overlaps the vpr gene. This CD8
+ -TL response gives rise to positive Darwinian selection favoring amino acid changes in the Tat peptide (Allen et al., 2000) . The evidence for this selection is that the mean number of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) exceeds the mean number of synonymous nucleotide substitutions per synonymous site (d S ) in the region of the tat gene encoding the epitope (Allen et al., 2000) . At the same time, the corresponding region of the Vpr protein is subject to strong purifying selection against amino acid changes (Hughes et al., 2001) . As a consequence, nonsynonymous substitutions occur in the tat reading frame so as to cause synonymous changes in the vpr reading frame to a greater extent than expected under random mutation (Hughes et al., 2001) .
Convergent or parallel evolution involves the independent evolution of similar traits in different lineages, and natural selection is thought likely to enhance the probability of convergent or parallel evolution (Doolittle, 1994; Hughes, 1999) . In human immunodeficiency virus type 1 (HIV-1), sequence comparisons have shown that the same amino acid replacements occur in parallel in different hosts in epitopes recognized by the host immune system (Piontkivska and Hughes, 2004; Strunnikova et al., 1995) . Parallel amino acid changes were observed in the previously mentioned CD8
+ -TL epitope in Tat of SIV in different monkeys independently infected with the same inoculum (Hughes et al., 2001) . Because the same amino acid changes occurred repeatedly in different monkeys, it was hypothesized that the constraints imposed by overlapping reading frames may enhance the probability of parallel evolution.
Monkeys experimentally infected with SIV represent a particularly attractive system for studying viral evolution over the course of infection. Changes in the sequence of viral genes can be compared among monkeys with known MHC class I genotypes that have been infected with the same viral inoculum. Thus, unlike population studies of HIV-1, it is certain that sequence evolution has occurred independently in each monkey host. Here we use complete SIV genome sequence data obtained at time of death from a cohort of 35 rhesus monkeys experimentally infected with SIV (O'Connor et al., 2004) to examine the interaction of overlapping reading frames with natural selection driven by host CD8 + -TL recognition.
Previous analysis of these data showed that d N significantly exceeds d S in known CD8
+ -TL epitopes restricted by the host's MHC, implying that these epitopes are subject to positive selection favoring escape variants (O'Connor et al., 2004) . On the other hand, other genomic regions generally do not show significantly higher d N than d S , except for the variable loops of Env, which are targets for antibody recognition (Zwick et al., 2003) . A number of the positively selected CD8
+ -TL epitopes are encoded by overlapping reading frames in the vpr, vpx, tat, env and nef genes. Here we compare the pattern of evolution in CD8
+ -TL epitopes encoded in overlapping and in non-overlapping reading frames in order to understand the effect of overlapping reading frames on the evolution of the viral CD8 + -TL evasion.
METHODS

Sequence data
Experimental methods are described by O'Connor et al. (2004) . Complete viral genomes were sequenced from each of 35 SIV-infected rhesus monkeys at the time of death. Each sequence represented a mixture of viral genomes, and thus each sequence included a number of ambiguous nucleotides representing single-nucleotide polymorphisms (SNPs) within the viral population infecting the monkey. Each sequence was aligned individually with the inoculum sequence using the CLUSTALW program (Thompson et al., 1994) .
Synonymous and nonsynonymous substitution
The number of synonymous nucleotide substitutions per synonymous site (d S ) and the number of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) between each genomic sequence and the inoculum sequence were estimated by Nei and Gojobori's (1986) method. Any codon in which the alignment postulated a gap in either the individual genomic sequence or in the inoculum sequence, or for which sequence could not be determined for a given monkey was excluded from the computation for that comparison. Since information on the frequency of SNPs within the viral population inhabiting a given monkey was not available, we assumed equal frequency of all SNPs at a given site, and on this assumption we computed mean d S and d N between the inoculum and the population of sequences derived from each monkey. Note that this computation did not require that we know the phase of SNPs (i.e. which SNPs were linked in any given individual viral genome), information which was not available from the genomic sequence.
In preliminary analyses using a subset of the data, we applied a number of complex models for estimating d S and d N : Li's (1993) method, the modified Nei and Gojobori method (Zhang et al., 1998) , and Yang and Nielsen's (2000) method. All models produced essentially the same result as the unmodified Nei and Gojobori (1986) method. Mean d S and d N were quite low (generally <1%), and with such a low level of divergence the differences among models of sequence evolution are generally undetectable (Nei and Kumar, 2000) . Therefore, we report only results using the Nei and Gojobori (1986) method, which, because it makes fewer assumptions than the other models, is expected to have a lower variance (Nei and Kumar, 2000) .
Known CD8 + -TL epitopes bound by the class I molecules Mamu-A*01, Mamu-A*02, and Mamu-B*17 (O'Connor et al., 2004) were mapped on the genomic sequences obtained from each monkey. For each monkey, d S and d N were computed for each of the nine genes in the SIV genome separately for the following regions: (1) restricted epitopes (A*01, A*02 or B*17 epitopes known to be presented by that monkey's class I MHC molecules) encoded by non-overlapping reading frames; (2) non-restricted epitopes (A*01, A*02 or B*17 epitopes not presented by that monkey's class I MHC molecules) encoded by non-overlapping reading frames; (3) non-epitope region (the remainder of the gene excluding restricted and nonrestricted epitopes) encoded by non-overlapping reading frames; (4) restricted epitopes encoded by overlapping reading frames; (5) non-restricted epitopes encoded by overlapping reading frames; and (6) non-epitope regions encoded by overlapping reading frames. Because the virus from each monkey was compared independently with the inoculum, each such comparison was phylogenetically (Felsenstein, 1985) and thus statistically independent.
Amino acid changes
Individual amino acid changes (residues different from the inoculum, including residues present as polymorphisms in the viral population within a given monkey) were classified with respect to a number of classificatory variables, and the resulting model-dimensional contingency tables were analyzed by log-linear analysis (Everitt, 1977) . This statistical method makes it possible to test associations between classificatory variables while controlling for other variables. The following classifications were considered: (1) An amino acid change was classified as parallel if the same amino acid change was seen at the same site in two or more monkeys. (Note that we could not rule out the possibility that some parallel changes involved parallel increase in frequency in separate monkeys of rare variants already present in the inoculum.) (2) An amino acid change was classified as polymorphic if more than one amino acid residue occurred at a given site in a monkey; otherwise, the amino acid change was classified as fixed. (3) An amino acid change was classified as involving a polarity change if the amino acid change involved a change of polarity category, with F, L, I, M, V, P, A and W categorized as non-polar and the other 12 amino acid residues as polar. (4) Amino acid changes were classified with respect to whether they were encoded by non-overlapping or overlapping reading frames; (5) Amino acid changes were classified with respect to occurrence in restricted epitopes, in non-epitopes, or in non-epitope regions.
RESULTS
Synonymous and nonsynonymous substitution
Mean d S and mean d N were analyzed by factorial analysis of variance, which tested for differences between overlap and non-overlap regions, for differences among epitope categories (non-epitope regions, non-restricted epitopes and restricted epitopes), and for the interaction between these factors (Fig. 1) . Mean d S was significantly greater in overlap regions (0.00746 ± 0.00066 SE) than in nonoverlap regions (0.00192 ± 0.00028) (F 1,1506 = 63.50; P < 0.001). But mean d S did not differ significantly among non-epitope regions (0.00499 ± 0.00086), non-restricted epitopes (0.00530 ± 0.00106), and restricted epitopes (0.00471±0.00086) (F 2,1506 = 1.17; n.s.). There was a significant interaction between overlap and epitope categories ( Fig. 1 ; F 2,1506 = 4.70; P = 0.009). This interaction was explained by the different patterns of mean d S across epitope categories in overlap and non-overlap regions (Fig. 1) . In non-overlap regions, mean d S was highest in non-epitope regions, whereas in over-lap regions, mean d S was highest in restricted epitopes (Fig. 1) .
In the case of mean d N , there was significantly higher mean value in overlap regions (0.00790 ± 0.00063) than in non-overlap regions (0.00413 ± 0.00028) (F 1,1506 = 64.99; P < 0.001). Likewise, there was a highly significant difference among epitope categories, with mean d N in restricted epitopes (0.01152 ± 0.00114) nearly twice as high as that in non-restricted epitopes (0.00604 ± 0.00072) and over three times as high as that in non-epitope regions (0.00346 ± 0.00018) (F 2,1506 = 55.24; P < 0.001). There was also a highly significant interaction between overlap and epitope category ( Fig. 1 ; F 2,1506 = 28.75; P < 0.001). This interaction was explained by the different patterns of mean d N across epitope categories in overlap and non-overlap regions, particularly the fact that mean d N in restricted epitopes in overlap regions (0.01875 ± 0.000231) was over three times the mean d N in restricted epitopes in non-overlap regions (0.00552 ± 0.000059) (Fig. 1) . We compared mean d S and mean d N in the different overlap and epitope regions by means of paired t-tests. In non-overlap, nonepitope regions, mean d S and mean d N were not significantly different (t = 0.78; 279 df ). In overlap, non-epitope regions, mean d S was significantly greater than mean d N (t = 4.16; 514 df; P < 0.001). In non-restricted epitopes in non-overlap regions, mean d N was significantly greater than mean d S (t = 4.08; 169 df; P < 0.001); but in non-restricted epitopes in overlap regions, mean d S and mean d N were not significantly different (t = 0.78; 125 df ). In restricted epitopes, mean d N was significantly greater than mean d S both in non-overlap regions (t = 5.70; 229 df; P < 0.001) and in overlap regions (t = 3.56; 190 df; P < 0.001).
These results supported the hypothesis that positive selection has acted to favor amino acid replacements in restricted epitopes (O'Connor et al., 2004) . In addition, they showed that overall levels of both synonymous and nonsynonymous substitutions were higher in overlap regions than in non-overlap regions.
Differences among genes
The difference between overlap and non-overlap regions was particularly striking in the case of d N in restricted epitopes. In order to understand the causes of this pattern, we examined mean d S and mean d N in restricted epitopes separately in non-overlap and overlap regions of each gene (Table 1) . In restricted epitopes in non-overlap regions, mean d N was significantly greater than mean d S in gag, env and nef (Table 1) . By contrast, in overlap regions, mean d N was significantly greater than mean d S only in tat (Table 1 ). In fact the extraordinarily high mean d N in restricted epitopes in the overlap region of tat was far higher than mean d N in restricted epitopes in overlap or non-overlap regions of any other gene (Table 1 ). This high mean d N was due to the effect of a single epitope, A*01-Tat SL8 (1).
Although mean d S and mean d N in restricted epitopes in overlap regions did not differ significantly in genes other than tat (Table 1) , this pattern may not always imply an absence of positive selection on these epitopes. Rather, unusually high d S in the overlap region may have obscured the effects of positive selection. This appears to have occurred in the case of env, where mean d N in restricted epitopes in overlap regions was actually significantly higher than that in restricted epitopes in non-overlap regions (Table 1) . However, in env mean d S in restricted epitopes in overlap regions was also significantly higher than that in restricted epitopes in non-overlap regions (Table 1) . A similar phenomenon may have occurred in nef, although in the latter case neither mean d S nor mean d N differed significantly between restricted epitopes in overlap regions and those in non-overlap regions (Table 1 ). In nef mean d S in restricted epitopes in overlap regions was higher than that in restricted epitopes in nonoverlap regions, although the difference was not significant due to the high variance of the former (Table 1) .
Amino acid changes
We examined 1169 amino acid changes (differences from the inoculum) that occurred in the virus infecting the 35 monkeys. A high proportion (841/1169 or 71.9%) of amino acid changes that were parallel in the sense that the same amino acid change at the same site occurred independently in two or more monkeys. Overall, parallel amino acid changes were significantly more likely to occur in non-overlap regions than in overlap regions (P = 0.005; Fig. 2A ). Of 831 changes in non-overlap regions, 612 (73.6%) were parallel, whereas of 338 changes in overlap regions, 229 (67.8%) were parallel ( Fig. 2A) . The proportion of fixed amino acid changes was significantly higher among parallel changes (205/328 or 62.5%) than among non-parallel changes (333/841 or 39.5%) (P < 0.001; Fig. 2B ).
The proportion of amino acid changes causing a polarity change was significantly higher in restricted epitopes (58/106 or 54.7%) than in non-restricted epitopes (56/125 or 44.8%) or in non-epitope regions (263/938 or 28.0%) (P < 0.001; Fig. 3 ). There was a significant three-way association among the factors of parallelism, occurrence in an epitope, and occurrence in an overlap region (P = 0.007; Fig. 4 ). Parallel amino acid changes accounted for a higher proportion of changes in restricted epitopes in overlap regions (40/48 or 83.3%) than in restricted epitopes in non-overlap regions (38/58 or 
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No. a.a. changes 65.5%) (Fig. 4) . By contrast, parallel amino acid changes accounted for a higher proportion of changes in non-overlap non-epitope regions (522/696 or 75.0%) than in overlap non-epitope regions (151/242 or 62.4%) (Fig. 4) . Likewise, in the case of nonrestricted epitopes, parallel amino acid changes accounted for a higher proportion of changes in non-overlap regions (52/77 or 67.5%) than in restricted epitopes in non-overlap regions (38/58 or 65.5%) (Fig. 4) .
DISCUSSION
We analyzed the pattern of nucleotide substitution in SIV populations infecting 35 rhesus monkeys in order to assess the impact of overlapping reading frames on natural selection driven by host CD8 + TL recognition. Both the mean number of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) and the mean number of synonymous nucleotide substitutions per synonymous site (d S ) were elevated in overlap regions in comparison to non-overlap regions. It has been previously shown that natural selection favors amino + -TL epitopes in both overlap and non-overlap regions of the SIV genome, but that this selection causes a more marked elevation of nonsynonymous substitution in overlap regions than in non-overlap regions.
The A*01-Tat SL8 epitope (Allen et al., 2000) contributed strongly to the enhanced mean d N in epitopes encoded in overlap regions. By contrast, a single CD8 + TL epitope in an overlapping region of the vpx gene was possibly subject to strong functional constraint, showing no synonymous or nonsynonymous changes from the inoculum in any monkey restricting that epitope. Alternatively, it is possible that, while this epitope formally exists, it was not recognized by cytotoxic lymphocytes (CTL) during infection.
In comparing individual amino acid changes from the inoculum sequence in different regions, we found that a higher proportion of amino acid replacement involving a change of residue polarity occurred in restricted epitopes than in other genomic regions. Thus, changes in restricted epitopes were disproportionately likely to involve a radical amino acid change. This result provides additional support for the hypothesis that positive selection on restricted CD8
+ -TL epitopes is driven by escape from host immune recognition, since more radical changes of amino acid residue are more likely to interfere with recognition based on protein-protein interactions.
Amino acid changes were defined as parallel if the same amino acid change occurred at the same site independently in two or more monkeys, and surprisingly 71.9% of observed amino acid changes were parallel. Some of these, of course, may have been present as rare variants in the inoculum. Significantly more parallel changes occurred in non-overlap than in overlap regions. Thus, an overlapping reading frame alone did not in itself enhance the probability of parallel change; in fact, it decreased the probability of parallel change. Surprisingly, many parallel amino acid changes occurred in non-epitope regions, where there was no evidence of positive selection. Evolutionary biologists have predicted that convergent or parallel evolution is much more likely to occur as a result of positive selection than in the absence of positive selection (Doolittle, 1994; Hughes, 1999) . Parallel changes in non-epitope regions may represent changes that occur in response to some other sources of selection besides that exerted by CD8
+ -TL recognition of peptides bound by the class I MHC molecules A*01, A*02 and B*17.
Such sources of selection might include the following: selection on CD8
+ -TL epitopes bound by class I molecules other than A*01, A*02 or B*17; selection on CD4 + -TL epitopes; selection on neutralizing antibody epitopes; and compensatory changes accompanying CD8 + -TL escape variants (Friedrich et al., 2004) . Some such unidentified source of selection presumably accounts for the fact that in our analyses mean d N was significantly greater than mean d S in nonrestricted epitopes in non-overlap regions. In addition, the fact that parallel changes were more likely to be fixed than polymorphic is consistent with the hypothesis that many of them were selectively favored, since polymorphic variants may be expected to include some slightly deleterious mutations in the process of being eliminated by purifying selection. On the other hand, many parallel changes may not be selectively favored, but may simply represent mutations that are neutral for the virus during infection and are fixed by chance.
In spite of the overall higher rate of parallel amino acid changes in non-overlap regions than in overlap regions, 80% of amino acid changes in restricted epitopes in overlap regions were parallel. This was the highest rate of parallel change observed, and it occurred in a region known to be subject to positive selection. Thus, in these epitopes, the theoretical expectation of an association between positive selection and a high rate of parallel change was supported. In addition, these results support the hypothesis that the rate of parallel change will be enhanced when there is positive selection on a region encoded by an overlapping reading frame, as a result of constraints on possible amino acid changes imposed by the other reading frame (Hughes et al., 2001) . Furthermore, amino acid changes in restricted epitopes tended to be radical, in the sense of causing amino acid residue polarity change. These results suggest that parallel radical amino acid changes are a signature of CD8 + -TL selection and that identifying such changes may help guide the search for as yet unknown epitopes.
It has been proposed that a CD8
+ -TL vaccine against HIV-1 should target conserved epitopes in order to prevent escape from vaccineprimed immunity (Nabel, 2002) . Alternatively, epitopes showing the strongest CD8
+ -TL selection and thus of escape mutants might be chosen for a vaccine, since immune responses targeting these epitopes might be most effective in eliminating the virus (O'Connor et al., 2001) . In either case an understanding of the pattern of evolutionary change of CD8 + -TL epitopes during infection will be an important prerequisite for effective vaccine design. The present results show, in an SIV model in rhesus macaques, that patterns of CD8 + -TL selection are influenced by a variety of factors, including overlapping reading frames, as well as differences among genes. Understanding the interaction of these factors will make it increasingly possible to predict the pattern of evolutionary change in amino acid sequences over the course of infection with SIV, HIV-1 and related viruses.
